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Abstract—This paper presents millimeter wave (mmWave) pen-
etration loss measurements and analysis at 73 GHz using a
wideband sliding correlator channel sounder in an indoor office
environment. Penetration loss was measured using a carefully
controlled measurement setup for many common indoor build-
ing materials such as glass doors, glass windows, closet doors,
steel doors, and whiteboard writing walls. Measurements were
conducted using narrowbeam transmitter (TX) and receiver (RX)
horn antennas that were boresight-aligned with a test material
between the antennas. Overall, 21 different locations were mea-
sured for 6 different materials such that the same type of material
was tested in at least two locations in order to characterize the
effect of penetration loss for materials with similar composition.
As shown here, attenuation through common materials ranged
between 0.8 dB/cm and 9.9 dB/cm for co-polarized antennas, while
cross-polarized antennas exhibited similar attenuation for most
materials, but up to 23.4 dB/cm of attenuation for others. The
penetration loss results presented here are useful for site-specific
planning tools that will model indoor mmWave networks, without
the need for expensive measurement campaigns.
Index Terms—Penetration loss, 73 GHz, mmWave, millimeter
wave, indoor propagation, 5G, polarization.
I. INTRODUCTION
The rapid deployment of indoor millimeter wave (mmWave)
networks will depend on site-specific planning tools, such as
ray-tracers [1], [2], to supplement spatial and temporal channel
models with site-specific information, including attenuation
through common building materials [3], [4]. Numerous mea-
surements and analyses were conducted at sub-6 GHz frequen-
cies for modeling indoor environments, and were used to create
reliable penetration loss, partition loss, and floor attenuation-
based models for network simulations [1], [2], [5]–[14].
Penetration loss models have been used to predict attenu-
ation through objects, into buildings, and between floors for
indoor and outdoor-to-indoor propagation scenarios [1], [9],
[11], [15]–[21]. Sandhu and Rappaport conducted a litera-
ture survey of building penetration loss for below 6 GHz
in [22], and Skidmore and Rappaport developed a popular
indoor modeling tool called SMT plus [1], which eventually
led to a commercial product known as SitePlanner and LAN
Planner [23], [24]. Zhang and Hwang studied the characteristics
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of two types of interior walls over the frequency range of
900 MHz to 18 GHz and showed that penetration loss does
not necessarily increase linearly or monotonically with respect
to frequency [16]. Attenuation for vertically-polarized waves
increased non-linearly and non-monotonically with respect to
frequency, while horizontally-polarized waves increased mono-
tonically with frequency. Common materials measured from 30
GHz to 50 GHz with different polarized antenna configurations
showed that attenuation through a concrete slab has loss of
approximately 4.5 dB/cm for both horizontal-to-horizontal (H-
H) and vertical-to-vertical (V-V) antenna configurations [21].
The V-V antenna configuration penetration loss for solid wood
in [21] was reported as 4.19 dB/cm compared to 2.42 dB/cm
for the H-H antenna configuration, an approximate 1.8 dB/cm
difference due to different polarizations. Zhao et al. conducted
penetration loss measurements at 28 GHz and found average
attenuation through clear glass to be between 3.6 dB and 3.9
dB for different buildings, and found tinted glass induces much
more attenuation: 24.5 dB to 40 dB [20].
Floor attenuation factor (FAF) models have been used to
predict path loss between locations on different levels or floors
of a multi-floored building based on an FAF parameter that
accounts for the number of floors separating a transmitter (TX)
and receiver (RX), and the building composition [1], [5]–[8],
[23]–[28]. A measurement study in an underground garage (4
levels and ∼12 meters deep) at 800 MHz and 2000 MHz
showed a frequency-independent FAF of 5.2 dB/m [28]. FAF
values (not normalized to a 1 m reference distance) in an
office building at 914 MHz yielded average FAF values that
were not a linear function of the number of floors separating
the TX and RX, but did increase monotonically [5]–[7]. Work
by Seidel and Rappaport measured an office building with 21
locations at 914 MHz on each floor, and found the FAF was
16.2 dB through the first floor, 27.5 dB through two floors,
and 31.6 dB through three floors, indicating that attenuation
reduced as the number of floors increased. Measurements in
a second office building [5]–[7] indicated the same trend, with
12.9 dB attenuation loss through one floor, 18.7 dB loss through
two floors, and 24.4 dB and 27.0 dB loss through three and
four floors, respectively, which indicated a monotonic but non-
linear increase in attenuation that tapered off as the number of
floors increased. Similar to the FAF model, other models use a
combination of the mean large-scale path loss in a line-of-sight
(LOS) outdoor environment and an aggregate penetration loss
(APL) factor that accounts for exterior wall penetration for an
outdoor-to-indoor scenario [11], [29].
A simple and accurate parabolic building penetration loss
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(BPL) model for low-loss and high-loss buildings was presented
in [30], and simulations up to 100 GHz were shown to compare
well with measurements using the parabolic model (See Eq.
(1) in [30]). When using widebeam antennas, observations
indicated that loss increased greatly when multiple materials
were penetrated. Other measurements showed that attenuation
through some materials, such as clear glass, does not necessarily
increase with respect to frequency in the mmWave band, and
may decrease by as much as 2.8 dB with respect to lower
frequencies [9]. Furthermore, interior walls induced 5-6 dB
of attenuation on average across measurements of several
frequency bands such as 2.5, 5.85, and 60 GHz [9], [11],
[31]. A study in the terahertz band from 100 GHz to 10 THz
reported measured average loss per unit distance for plastic,
paper, hardboard, and glass which had losses of 12.47 dB/cm,
15.82 dB/cm, 24.47 dB/cm, and 35.99 dB/cm, respectively [32].
In this paper, penetration loss for six building materials was
studied for two antenna polarization configurations at 73 GHz,
with the measurement setup presented in Section II. Analysis of
the penetration loss measurements is described in Section III,
and average penetration loss and normalized average attenuation
values with their respective standard deviations are given in
Section IV. Conclusions and key observations are provided in
Section V.
II. MEASUREMENT SETUP
A. Measurement Hardware
A wideband sliding correlator channel sounder with a super-
heterodyne architecture and directional, steerable horn antennas
was used to conduct the 73 GHz penetration loss measure-
ments [33]–[35]. At the transmitter a pseudorandom-noise (PN)
code was generated at baseband at 500 Megachips-per-second
(Mcps) and was subsequently modulated with a 5.625 GHz
intermediate frequency (IF). The wideband IF signal was mixed
with a 67.875 GHz local oscillator (LO) to obtain a center
frequency of 73.5 GHz with a 1 GHz radio frequency (RF) null-
to-null bandwidth that was transmitted through a horn antenna.
An identical superheterodyne architecture was employed at the
RX, with a sliding correlator for baseband processing which
resulted in the acquisition of power delay profiles (PDPs). The
TX and RX antennas were identical with 20 dBi of gain and 15
degree azimuth and elevation half-power beamwidth (HPBW).
The antennas were always boresight-aligned with the material
under test (MUT) placed in between the TX and RX antennas.
Channel sounder specifications are provided in Table I and
further descriptions of the measurement system can be found
in [3], [33], [34].
B. Measurement Environment
Measurements were conducted in the NYU WIRELESS
research center, located on the 9th floor of 2 Metrotech Center,
an office building in Brooklyn, New York, constructed in 1989.
The building resembles a typical office environment, including
interior walls made of drywall with metal studs, whiteboard
writing walls, clear glass windows, glass doors, closet doors,
and steel doors. A total of 210 PDPs of received power were
TABLE I: Channel sounder specifications for penetration loss mea-
surements.
Carrier Frequency 73.5 GHz
TX PN Code Chip Rate 500 Mcps
TX/RX IF Frequency 5.625 GHz
TX/RX LO Frequency 67.875 GHz
RF Bandwidth (Null-to-Null) 1 GHz
Max. TX Output Power 14.1 dBm
TX/RX Antenna Gain 20 dBi
TX and RX Azimuth/Elevation HPBW 15◦/15◦
TX and RX Antenna Height 1.5 m
Multipath Time Resolution 2 ns
TX Polarization Vertical
RX Polarization Vertical / Horizontal
recorded at 21 TX/RX location pairs as shown in Fig. 1 and
in Table II. Interior plasterboard walls (locations 3, 14, 17, and
21) had an average thickness of 13.7 centimeters (cm) and did
not contain a metal stud layer in any of the tested locations.
Whiteboard writing walls (locations 15 and 18) were considered
to be interior walls with an additional layer composed of a
whiteboard made from fiberboard, and had an average thickness
of 21.4 cm. Clear glass windows (locations 2, 6, and 19) were
approximately 50 cm by 50 cm with a thickness of 1 cm.
The glass doors (locations 1, 4, 5, 11, and 12) had an 80
cm wide metal frame with a 50 cm wide inset glass panel,
which had a thickness of 1 cm. Closet doors (locations 7, 8,
and 9) were composed of a 7 cm thick solid layer of medium-
density fiberboard (MDF) and had a width of approximately
45 cm. Steel doors (locations 10, 13, 16, and 20) had an
average thickness of 5.3 cm, and contained two metal layers
with a hollow interior. Two examples of the measured building
materials are shown in Fig. 4.
C. Measurement of Received Power
At each location, the TX and RX were both placed at 1.5 m
from either side of the surface of the MUT, with the TX and
RX antennas boresight-aligned, each at a height of 1.5 m. The
distance was chosen to ensure the MUT was in the far field
of the antennas while minimizing the width of the spread of
the transmitted wave upon the material, which was 40 cm x
40 cm at a distance of 1.5 m. However, at three locations (15,
16, and 18), the corridors in the building were too narrow to
allow the RX to be placed at a 1.5 m distance from the wall
being measured, and in these cases the RX was placed about 1
m from the material. Ten PDPs were captured at each location
with the TX and RX antennas boresight-aligned, with 5 PDPs
recorded for both V-V and V-H antenna configurations. The
measurement setup remained fixed for each set of 5 repeated
PDPs for consistency, averaging purposes, and to diminish any
movement in the channel caused by humans. Two examples of
the setup of the TX and RX at locations 1 and 3 are shown in
Fig. 2, and a diagram of the setup is depicted in Fig. 3. The
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Fig. 1: Map of the 9th floor of 2 Metrotech Center, with TX and RX location pairs for the penetration loss measurements. A total of 21 TX/RX
location pairs were measured where blue diamonds represent TX locations and red circles represent RX locations. Note that all doors were
closed during measurements.
measured received power was determined as the power in the
first-arriving multipath component (MPC) [36], [37], rather than
the spatial average or integration over all MPCs, as used in some
models of wall penetration [38]. The first-arriving path was
assumed to be the penetrating path, whereas later-arriving paths
were ignored as they were considered to come from reflections
of the signal from nearby walls and other obstructions in the
environment [39].
III. PROPAGATION ANALYSIS
A. Penetration Loss Calculation
Penetration loss due to a single material was determined as
the difference between measured average received power in
the first arriving MPC and the received power in theoretical
free space with the same T-R separation distance, including the
width of the material (w). The penetration loss, L, of a material
was obtained by:
L[dB] = Pr,FS − Pr,meas. (1)
Pr,FS[dBm] = Pt +Gt +Gr + 20 log10
(
c
4pidfc
)
(2)
where d is the T-R separation distance, which was counted as
the sum of the distance between the TX and RX antennas and
the width (w) of the MUT. Pt is the transmit power in dBm, Gt
is the TX antenna gain in dBi, Gr is the RX antenna gain in dBi,
c is the speed of light in free space, fc is the carrier frequency,
Pr,meas is the measured received power of the first MPC of a
single PDP, and Pr,FS is the theoretical received power in free
space (FS) obtained using Friis’ free space transmission formula
in (2).
Average penetration losses at each TX-RX location com-
bination were computed as the linear average in milliwatts
(mW) of the 5 PDPs recorded for V-V and V-H antenna
polarization combinations, respectively. For V-H measurements,
an additional cross-polarization discrimination (XPD) factor
was subtracted from the received power to remove the cross-
polarized antenna mismatch and to isolate penetration loss for
the MUT. The XPD factor was determined empirically from five
free space measurements of received power for V-V antennas
compared to the received power for V-H antennas for distances
ranging from 2.6 m to 3.0 m, in 0.1 m increments. The XPD
factor for each distance was then calculated by subtracting the
V-H received power from the V-V received power. All five
distances measured had an XPD within 1.5 dB of each other
with no dependence on distance, which demonstrated that all
measurements, even with the RX at 0.86 m from the MUT
for one case, were in the far-field of the TX antenna. The
measurement system XPD factor of 27.1 dB was calculated
through averaging in linear over all five measurement distances.
B. Penetration Loss Material Types
Data were grouped according to the MUT between the TX
and RX antennas. Average penetration losses were determined
by averaging the penetration loss (in linear) for data of similar
materials and for each polarization and then converting back to
log scale in dB. Average penetration loss standard deviations
were calculated with the penetration loss values (in dB scale)
TX 3
RX 3
TX 1 RX 1
Fig. 2: Measurement setup at two locations: Loc. 1 and Loc. 3. The
TX and RX antennas were boresight-aligned and placed at most 1.5
m away from either side of the surface of the MUT. TX 1 and RX 1
tested a glass door; TX 3 and RX 3 tested a plasterboard wall.
Material
𝒘
TX RX
1.5 m 1.5 m
Fig. 3: Profile diagram of the measurement setup where the TX and
RX antennas were placed at most 1.5 m from either side of the MUT,
which had a width of w.
for data of a common MUT. Average penetration loss calculated
in log scale was found to be within 0.2 dB of averaging in
linear scale. The average penetration loss for each material type
does not represent the measured penetration loss at any specific
location, but rather an aggregate penetration loss of a typical
material which might be found in an office environment. It is
expected that the average penetration loss for each material type
will be similar for other office buildings [5]–[7], [20].
For simple comparison purposes, the average penetration loss
for each material type (in dB scale) was divided by the average
width of the group of common test materials to determine the
normalized average penetration loss in dB/cm. The standard
deviation, σN , for normalized average penetration loss was
obtained by taking the standard deviation of the normalized
penetrations losses in dB/cm among the data in each group of
common materials.
Fig. 4: Examples pictures of two different material types, a steel
door (left) and a whiteboard writing wall (right). The whiteboard
writing wall had a projector screen covering a portion of the surface
as shown in the picture, however penetration through the screen was
not measured.
IV. RESULTS
A summary of all the average penetration losses through each
material type for V-V and V-H antenna polarizations is provided
in Table II along with the standard deviation of penetration
loss for all locations which tested a common material type
and is given by σL in dB. The XPD factor of 27.1 dB was
subtracted from the cross-polarization measurements to provide
the V-H penetration loss values in Table II. Normalized average
penetration loss values with their respective standard deviations
(σN in dB/cm) are also provided in Table II. The highest
average penetration loss was 73.8 dB, which occurred through
whiteboard writing walls for V-V polarized antennas, however,
the normalized loss for this material was 3.5 dB/cm, about a
3 dB/cm increase over the normalized average attenuation for
typical walls. The whiteboard writing walls were the thickest
materials tested, ranging in width from 21.1 cm to 21.6 cm,
with the whiteboard component accounting for 5.5 cm of the
overall thickness. The whiteboard component was composed of
two layers of dense fiberboard, which in consideration of the
increase in normalized attenuation loss for whiteboard writing
walls as compared with normal walls, likely contributed to a
majority of the attenuation through the material. The lowest
penetration loss measured for any material was 5.1 dB for glass
doors with V-V polarized antennas, and a normalized average
attenuation of 5.1 dB/cm since the thickness of the glass mate-
rial in the door was 1 cm for all locations. Clear glass windows
had 2 dB greater average penetration loss than glass doors for
V-V polarized antennas, likely due to the antenna spread upon
the material of 1 m which was wider than the window itself
at all of the clear glass window locations. A portion of the
transmitted energy may have reflected and scattered off of the
metal frame surrounding the window, thus reducing the received
TABLE II: Average penetration loss values with respective standard
deviations. “Pol.” represents the TX-RX antenna polarization configu-
ration, “No. of Loc.” is the total number of measured locations for a
material type, “Loss” is the average penetration loss in dB, σL is the
standard deviation of the penetration loss over all materials of the same
type in dB. “Norm. Avg. Atten.” is the normalized average attenuation
in dB/cm, and σN is the standard deviation of the normalized average
attenuation over all materials of the same type in dB/cm. The XPD
factor of 27.1 dB was subtracted from the cross-polarized antenna
measurements to calculate the V-H penetration loss values.
Penetration Loss of Common Building
Materials for 73 GHz V-V and V-H
Material
No.
of
Loc.
Pol. Loss(dB)
σL
(dB)
Norm.
Avg.
Atten.
(dB/cm)
σN
(dB/cm)
Glass Door 5 V-V 5.1 1.2 5.1 1.2
V-H 23.4 7.1 23.4 7.1
Clear Glass 3 V-V 7.1 2.3 7.1 2.3
V-H 18.3 3.4 18.3 3.4
Wall 4 V-V 10.6 5.6 0.8 0.3
V-H 11.7 6.2 0.8 0.4
Closet Door 3 V-V 32.3 8.2 4.6 1.2
V-H 16.3 4.2 2.3 0.6
Steel Door 4 V-V 52.2 4.0 9.9 0.9
V-H 48.3 5.6 9.2 0.5
Whiteboard
W. Wall
2 V-V 73.8 9.8 3.5 0.5
V-H 58.1 3.0 2.7 0.2
power in the first-arriving MPC as compared with clear glass
doors that contained larger glass panels.
Penetration loss increased for glass doors, walls, and clear
glass windows for V-H polarization as compared to the V-V
antenna penetration losses. Walls were observed to have 10.6
dB and 11.7 dB average penetration loss at 73 GHz for co-
and cross-polarized antenna measurements, respectively, which
is higher than penetration losses of 5 to 6 dB reported in other
studies at lower frequencies with similar materials [9], [11],
[40]. The increase in attenuation caused by walls at 73 GHz
may be due to differences in the wall material specifications; the
walls tested in this paper were up to 16 cm thick and may have
contained insulating or reflective material layers inside. For steel
doors, closet doors, and whiteboard writing walls, the average
V-H penetration loss decreased as compared to V-V penetration,
specifically by up to 16 dB in the case of closet doors.
The materials for which penetration loss decreased from V-
V to V-H measurements contained the most reflective materials
(whiteboard, metal, and particle board), which suggests that the
transmitted wave may have depolarized as it propagated through
different layers of the material. Average penetration loss did
not demonstrate a uniform increase or decrease with respect
to co-polarized versus cross-polarized antenna configurations,
but attenuation was observed to vary by as much as 18.3 dB
(increase) in the case of glass doors and by 16 dB (decrease)
in the case of closet doors.
The whiteboard writing wall locations had a penetration loss
standard deviation σL of 9.8 dB for V-V, making it the highest
observed standard deviation over all the materials. For V-H,
glass doors had the highest standard deviation for average
penetration loss with a value of σL = 7.1 dB. Over all
materials, the standard deviation of the average penetration loss
varied from 1.2 dB to 9.8 dB. The standard deviation of the
normalized average penetration loss (σN ) was typically less
than the standard deviation of the average penetration loss by
approximately 1 to 5 dB. The values for σN contain information
about variation in the width of the material between locations
as well as the penetration loss. Therefore, the normalized
penetration loss standard deviations were the same or less than
the average penetration loss standard deviations because the
width of a material at a specific location was typically within
0 to 1 cm thickness of the same materials from other locations,
and is the case for all materials.
While penetration loss was determined to be 10.6 dB on
average for typical walls, whiteboard writing walls were ob-
served to have over 60 dB greater attenuation. Furthermore,
the attenuation through two other thick materials (steel doors
and closet doors) was found to range from 30 dB to 50 dB.
Such large penetration losses suggest that certain common
building materials will create barriers unsuitable for penetration-
based propagation in 73 GHz systems. The penetration loss
values presented in this paper could be embedded into 3D ray-
tracer simulations or indoor planning tools for mmWave indoor
propagation modeling, similar to studies and tools at lower
frequencies [1], [2], [5]–[8], [21], [26], [41].
V. CONCLUSION
Penetration loss measurements at 73 GHz for V-V and V-
H polarization configurations were presented for six common
building materials found in indoor office environments such as
glass doors, glass windows, steel doors, MDF closet doors,
drywall, and whiteboards. Attenuation was found to increase
by up to 18.3 dB between V-V and V-H measurements of glass
doors, however, penetration loss was not necessarily found to
increase or decrease based strictly on the antenna polarization
configuration. Measurements of closet doors showed a 16
dB decrease in average penetration loss for cross-polarized
antennas as compared with co-polarized antennas. The standard
deviation observed between measurements of the same material
at different locations was as large as 9.8 dB in the case of
whiteboard writing walls for V-V, and the lowest standard
deviation was observed for V-V glass door measurements, with
a value of 1.2 dB. The standard deviations of the penetration
loss measurements from Table II were found to be higher than
results at frequencies below 6 GHz [9], [10], [31]. Whiteboard
writing walls had an average penetration loss of 73.8 dB
for V-V, but only 3.5 dB/cm normalized average attenuation,
which is comparable to a closet door made from MDF, which
had a normalized average attenuation of 4.6 dB/cm for V-V
antennas. Co-polarized penetration loss for glass doors and
windows was found to be 5 to 7 dB, which suggests that
73 GHz systems could be suitable for propagation between
partitions with large glass windows or glass walls. On the
other hand, the large penetration losses observed for metal
doors and thick whiteboard walls may be useful for interference
isolation between neighboring rooms made of these materials.
The penetration losses provided in Table II and in this paper
may be used in mmWave ray-tracers/site-specific tools used for
estimating average path loss in indoor office environments [1],
[2], [5]–[8], [26], [41].
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